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Normal Variations and Pathologic Changes in Structure of the Cardiac
Conduction System and Their Functional Significance
THOMAS N. JAMES, MD, FACC
Birmingham, Alabama
The rarity with which the cardiac conduction system is
carefully examined in cases of sudden unexpected car-
diac death is deplorable. Whatever the reasons for this
failure, it is clearly one of the major lost opportunities
for improving our understanding of a major national
heart problem. To illustrate some of the morphologic
changes found in such cases, two categories are dis-
cussed: normal variations (which may themselves pro-
mote electrical instability) and changes due to disease.
During normal postnatal morphogenesis of the atrio-
ventricular (AV) node and His bundle, there are a va-
riety of derangements that may cause malfunction of
those critical structures. In addition to large vesselcoro-
Given that electrical instability of the heart underlies most
cases of sudden cardiac death, one would expect that careful
examination of the conduction system of the heart would
be a routine requirement during postmortem study. It is an
abiding paradox that the contrary is true. The laboratories
where careful examination of the cardiac conduction system
is undertaken are few. Without belaboring the reasons why
this is so, there can be little doubt that here lies one of the
greatest lost opportunities for improving our understanding
of sudden cardiac death. Indeed, some of the prevalent
beliefs about the pathogenesis of sudden death will remain
tenuous until this paradox is eliminated.
Part of the problem derives from misconceptions about
what can and cannot be learned from examining the mor-
phology of the cardiac conduction system. Most cardiolo-
gists would bepleased if there were a single structural change,
or even a few such changes, which could be confidently
blamed for lethal electrical instability of the heart. To my
knowledge there is no such pathognomonic change and I
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nary disease and platelet disorders, narrowing of small
coronary arteries may also lead to ischemic damage in
the conduction system. Certain intracardiac tumors and
systemic diseases of an infiltrative or inflammatory na-
ture may also involveelements of the conduction system,
leading to arrhythmias or conduction disturbances with
their clinical counterparts of syncope and sudden death.
How any of these and many related anatomic changes
may participate in the pathogenesis of electrical insta-
bility of the heart deserves much more careful study,
but an essential requirement will be the wider practice
of making careful clinicopathologic correlations.
(J Am Coli Cardiol1985;5:71B-78B)
doubt that one will ever be discovered, with perhaps certain
rare exceptions. This should hardly be surprising since the
functional or physiologic substrates of sudden death ob-
viously vary widely. It is simplistic to blame it all on ven-
tricular fibrillation without recognizing the greater number
of electrophysiologic, neurologic and metabolic precursors
that are not only as important but almost certainly more
susceptible to meaningful interventions or prevention.
When morphologic changes or variations in the cardiac
conduction system are shown to be present, there is an
almost reflex criticism that they must not be found in "nor-
mal" hearts or alleged control hearts. This principle, which
is so important in experimental research where virtually all
contributing factors can in one way or another be controlled,
cannot readily be extended to human clinicopathologic cor-
relations. Its applicability is limited for several reasons. For
example, clinicopathologic studies of the cardiac conduction
system in human beings can only be performed with dead
hearts. That being the case, it becomes necessary to know
that no electrical instability had been present if the example
is to serve as a control, and that is rarely so. Two possible
solutions to this dilemma can be found in comparative stud-
ies in other animals or the accumulated experience of ob-
servations from a very large number of human hearts, but
both of these possibilities are flawed. To extrapolate from
animal studies requires more knowledge than we now have
about both the functional and anatomic components of spe-
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des differences, particularly relative to the cardiac conduc-
tion system. Extensive accumulated experience with human
hearts is a more promising approach, but even there the
applicability in any given case may be very limited.
Finally, there is poor general appreciationof certain unique
aspects of the cardiac conduction system that make it dif-
ferent in evaluating structural changes. The first of these is
the fact that all its components are so small. A I mllesion
is rarely important in the liver or kidney or even in the free
wall of the left ventricle, but it could completely transect
the His bundle. Another factor is the continuing dependence
not only of the heart, but of the entire organism, on normal
cardiac rhythm and conduction or at least some acceptable
variation of it (for example, atrial fibrillation). We can sur-
vive and even thrive without significant components of many
organs and systems of the body, but derangement of the
electrical stability of the heart means real trouble and usually
very quickly. In this context, it is essential to recognize that
many factors contribute to normal or acceptable perform-
ance by the heart's electrical system, and some of these
such as the nerves (1) or the mass of myocardium present
(2) have already been discussed.
To grasp the functional significance of structural changes
in the cardiac conduction system, one must begin with an
appreciation of the multiple factors always involved, the
transient and changing nature of many of these factors and
the very large element of chance in their concurrence (3).
Thinking that way is abhorrent to the orderly scientific mind,
in the main because it makes the problem more difficult.
But such difficulty can be reduced and eventually overcome
only if we accept the truth as it is and not as we might wish
it to be.
With these thoughts as prologue I will now describe for
you some of the structural changes, normal and abnormal,
that have been present in the conduction system of the heart
from patients who died suddenly and unexpectedly. These
findings come from a personal accumulated experience of
more than two decades during which hundreds of such hearts
have been examined. The routine method of procedure is
described elsewhere (4), but it includes the careful histologic
study of at least the sinus node, the internodal pathways,
the atrioventricular (AV) node and the His bundle together
with its proximal right and left branches. Routinely, the
blood supply of these structures and their local innervation
are also examined. For didactic purposes, the findings will
be divided into two general categories: normal variations
and pathologic changes. However, it must be emphasized
that normal variations may themselves contribute to elec-
trical instability of the heart.
Normal Variations
Given the wide variability that is a characteristic of all
biologic structures, there is a virtually infinite number of
possibilities for the cardiac conduction system and many of
them will eventually be recognized and described. However,
this review will be limited to a discussion of the AV junc-
tion, where certain changes may have special significance
relative to the preservation or loss of electrical stability of
the heart.
Postnatal morphogenesis of AV node and His bundle.
Unlike most of the heart, the AV node and His bundle have
not reached their adult configuration at the time of birth.
Instead, there is an active process of morphogenesis (5) that
only begins during the first week or two of life and is
completed some months or even years later (Fig. I). This
process includes the severing of numerous tenuous connec-
tions between the atria and ventricles, but it also smooths
the margins of the node and bundle into their more sharply
defined adult configuration (Fig. 2). Just as with virtually
all morphogenetic processes (6,7), cell death occurs and
includes some of the AV node and His bundle (Fig. 3).
Postnatal morphogenesis may go awry in several differ-
ent ways. If it is too much delayed or never completed,
loops of conduction tissue or multiple fragments of it will
be seen dispersed in the central fibrous body resembling the
normal fetal pattern. Such fragments could serve as suitable
anatomic substrates for reentrant pathways, dissociation of
conduction and paroxysmal tachycardias. If the dispersed
fragments are separated from the AV node or His bundle
but remain attached to the crest of the interventricular sep-
tum (Fig. 4), their cytologic content and anatomic location
would favor their function as parasystolic foci with either
spontaneous or triggered automatic rhythms.
Figure 1. Morphogenesis of human His bundle and central fibrous
body. This diagram schematically presents the stages by which
the human His bundle is normally transformed from the fetal to
adult configuration. All of the molding and shaping occurs on the
left (L) side. IVS = interventricular septum; R = right.
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Figure 3. Heart of a 22 year old woman with Wolff-Parkinson-
White syndrome, illustrating that morphogenesis of the AV node
(AVN) and His bundle sometimes fails to be completed early in
life. A, Not only does the seam (two arrows) between tissue of
dorsal endocardial cushion (DEC) and mitral anulus (MA) persist,
but it contains many fragments of AV nodal tissue dispersed in
the fetal pattern. B, One focus boxed in A shown at higher mag-
nification containing dying AV nodal cells. The main body of the
AV node is nearby. LA = left atrium; LV = left ventricle; MV
= mitral valve; RA = right atrium.
®
©
••••
•
®
RA - . ' AVN
,-
.' 0.1mm
". ..._ - I I
Figure 2. Three photomicrographs from the heart of a 4 month
old child who died suddenly and unexpectedly. The changes de-
picted here are an example of normal morphogenesis within which
cell death participates. A shows a section through the His bundle
and C shows the point at which the AV node is becoming the His
bundle. B is midway between, with the total distance from A to
C being about I mm. A black dot is in the center of surviving
normal conduction tissue, whereas the open arrows in A and B
mark the resorptive degeneration characteristic of the morphogen-
esis. The forwardmost tip of the dorsal endocardial cushion (DEC)
and the anulus of the mitral valve (MV) normally fuse during
embryogenesis to form the central fibrous body, but the seam
between them is still visible in B (three black arrows). Goldner
trichrome stain; magnification in this and subsequent figures is
indicated by reference bars.
As a diametrically opposite form offailure. the postnatal
morphogenesis may go too far either early or late. If this
happens, the AV node and His bundle could become tran-
sected by the fibroplasia that accompanies the resorptive
degeneration which is characteristic of the morphogenesis.
Although overactivity of the morphogenetic process may
account for some types of heart block detected shortly after
birth, it may also begin (for unexplained reasons) or resume
much later in life. In the latter case, it would cause adult
onset heart block (8).
Events associated with normal postnatal morphogenesis
will become modified in the presence of certain congenital
cardiac anomalies, such as the persistent left superior vena
cava or coarctation of the aorta. Indeed, any anomaly that
includes malformation of the junction between interatrial
and interventricular septa may have an effect on the mor-
phogenesis, as will situations that derange intracardiac pres-
sures and thereby distort the vectors of physical stress on
the central fibrous body. It is hardly surprising, therefore,
that molding and shaping of this region is so active a process
and, as a consequence, the effects on the AV node and His
bundle, which are directly in the middle of it, can be so
remarkable.
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Figure 4. Two photomicrographs from
the heart of an infant illustrating persistent
fetal dispersion of fragments of conduc-
tion system cells (circled) separated from
either AV node (not shown) or His bundle
(AVB in B) but attached to the crest of
the interventricular septum (IVS). CFB
= central fibrous body.
Normal variation in location of His bundle. There is
some normal variation in the location of the His bundle at
the crest of the interventricular septum. Its usual position
is near the middle, with its right and left branches cascading
down the respective sides of the septum in a more or less
symmetric pattern. If the His bundle is skewed to the left,
the origin of the left bundle branch would not be much
changed but the right branch would course through slightly
more septal myocardium to reach the right side; however,
the right branch normally courses through septal myocar-
dium and its diameter is the same in either circumstance.
If the His bundle is skewed to the right, as occurs in about
15% of normal hearts (9), there are some major differences.
Even though the right branch would not be much altered,
the left branch then originates as a slender I mm tube that
courses to the left of the septum, rather than originating as
it usually does as a broad sheet many millimeters wide at
its narrowest point. Therefore, a very small lesion could
completely sever the left bundle branch originating from a
right-sided His bundle; such lesions have been documented
in cases of sudden unexpected death (10).
Pathologic Changes
Certain pathologic changes that may affect the cardiac
conduction system or electrical stability of the heart are the
subject of other discussions in this symposium. These changes
include coronary atherosclerosis (11) and the contribution
of platelet aggregations (12). It is well known that coronary
atherosclerosis may cause ischemia and necrosis of critical
portions of the conduction system. Certain abnormalities of
small coronary arteries (including those supplying the con-
duction system), cardioneuropathy which Rossi (I) consid-
ers in more depth, certain tumors which involve the con-
duction system and, finally, infiltration or inflammation of
the conduction system by a special group of systemic dis-
eases will be described in this section.
Diseases of small coronary arteries. Diminished flow
through small coronary arteries may cause: 1) focal degen-
eration and eventual fibrosis within the ventricular myo-
cardium, 2) impairment of collateral circulation, or 3) focal
ischemia and degeneration of the sinus node, AV node and
His bundle. The consequences depend on which vessels are
involved, and this determination, to the best of my knowl-
edge, is a random process. Causes of diminished flow can
include altered coagulability, as is seen in certain platelet
disorders. But some diseases affect the wall of the small
artery itself, leading to intimal proliferation, medial degen-
eration, panarteritis or focal fibromuscular dysplasia. These
disorders, which have been the subject of a previous review
(13), have in common the narrowing of the lumen of the
affected vessels.
In addition to the preceding morphologic classification,
one may also consider small coronary artery pathology from
the perspective of the diseases with which it is often as-
sociated. These include 1) collagen diseases such as lupus
erythematosus, polyarteritis nodosa, rheumatoid arthritis and
scleroderma; 2) familial or heritable neuromuscular disor-
ders such as Friedreich's ataxia, Marfan's syndrome and
progressive muscular dystrophy; and 3) coagulopathies such
JACCVol. 5. No.6
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Figure 5. Focal fibromuscular dysplasia of the AV node (AVN)
artery (top) and the sinus node (SN) artery (bottom) from the
hearts of two young men who died suddenly.
as thrombotic thrombocytopenic purpura, disseminated in-
travascularcoagulation and congenital homocystinuria. These
are only some representative examples, but there are many
others. One of the more intriguing is focal fibromuscular
dysplasia (Fig. 5) which may occur in the absence of any
other associated disease. When arteries to the conduction
system become involved, the anticipated results include ar-
rhythmias and conduction disturbances along with their clin-
ical counterparts of syncope and sudden death. This brings
us to a corollary consideration: there are few if any other
sites in the body where transient ischemia, with or without
any anatomic consequences, could have such a devastating
effect as sudden death.
Cardioneuropathy. Although well known to physiol-
ogists and pharmacologists, it is only recently that clinical
studies have noted the important role that nerves and ganglia
play in maintaining electrical stability of the heart or, when
neural control becomes faulty, in promoting electrical insta-
bility. One section of this symposium discusses neural con-
trol of the heart, and Rossi (I) provides a knowledgeable
review of its morphologic aspects, a subject to which he is
an early and continuing valuable contributor.
Given the focal nature of most myocardial diseases, it
would be surprising if the cardiac nerves and ganglia were
somehow spared; however, they are not. Indeed, virtually
every disease that causes damage within the myocardium
will at least randomly damage its neural elements. Although
random in distribution, damage to these neural elements
becomes a major unstabilizing influence on cardiac rhythm,
conduction and repolarization. This type of "secondary"
cardioneuropathy has a different counterpart in certain dis-
eases, particularly of viral origin, which may predominantly
or selectively damage the cardiac nerves, and these should
be considered as "primary" cardioneuropathy (14). With
increasing numbers of careful postmortem examinations in
which cardioneuropathy is especially sought, it is becoming
apparent that it may represent an underrecognized major
contributing factor to cardiac electrical instability and sud-
den death.
Tumors of the heart. Neither primary nor metastatic
neoplasms of the heart are commonly encountered, but their
incidence among victims of sudden unexpected death may
be greater than currently recognized. Three such tumors are
prototypical examples. The first type is the benign congen-
ital polycystic tumor of the AV node (Fig. 6), often des-
ignated as a mesothelioma (15). Although it is character-
istically associated with eventual sudden death, the more
usual course is one of many years of asymptomatic or min-
imally symptomatic heart block, and some victims have
lived to their seventh or eighth decade. Ironically, either
diagnostic or therapeutic electronic pacing has some asso-
ciated risk of producing intractable arrhythmias and death.
The explanation for this paradox is unknown, but the hazard
should be recognized by any clinician concerned with a
patient with otherwise unexplained heart block.
A second type ofcardiac tumor is composed of multifocal
aggregations of Purkinje cells, occurs particularly in infants
and young children and presents clinically with a variety of
paroxysmal arrhythmias which are difficult to treat (16).
The third type of cardiac tumor associated with sudden
unexpected death is fibroma of the central fibrous body,
particularly when it is predominantly on the left side and,
thus, subjected to the higher pressure normally present in
the left ventricle (17). The pathogenesis of electrical insta-
bility with the second type of tumor may be either multifocal
sites of automaticity or reentry, or both, while the third type
of tumor impinges on and damages the adjacent His bundle.
In addition to these three examples, there are undoubtedly
still other forms of neoplasm that may either originate within
or cause damage to the cardiac conduction system.
Some transformations within the central fibrous body
represent metaplasia (Fig. 7) rather than neoplasia. For
76B JAMES
CONDUCTION SYSTEM MORPHOLOGY AND SUDDEN DEATH
JACC Vol. 5, No.6
June 1985:7lB-78B
Figure 6. A benign congenital polycystic
tumor of the AV node depicted from the
heart of an older woman who died with
heart block. All of the AV node (AVN)
has been replaced by tumor . The circled
area in A is seen at higher magnification
in B, which is a section about 20 f.L from
the one in A. Tumor fragments are dis-
persed within the central fibrous body
(CFB) just as might be the AV node.
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example. both in canine and human hearts , either cartilage
(18) or bone (19) within the central fibrous body can some-
times be found. This not only further illustrates the pluri-
potential nature of those fibroblasts , but these particular
examples have been found in cases of sudden unexpected
death. although the functional relation of the anatomic change
to the event is currently unclear .
Infiltrative or inflammatory diseases. Just as with small
coronary artery disease or with cardioneuropathy, infiltrative
diseases in the heart will also damage the conduction system
(Fig . 8). Examples of these include hemochromatosis,
scleroderma, amyloidosis and morbid obesity. With both
hemochromatosis and scleroderma, there is a notable affinity
for the AV node and His bundle , which helps explain the
increased occurrence of heart block in such patients (20 ,21) .
Amyloidosis may also damage the AV node or His bundle,
but seems to have a special affinity for the sinus node, which
it may destroy entirely (22) . Patients who are morbidly obese
often exhibit extensive fatty infiltration of the myocardium
in which components of the cardiac conduction system be-
come involved . The exact pathophysiologic consequences
of any of these infiltrations will depend on their extent and
location, but their potential clinical significance is apparent
from the fact that each of these diseases may result in sudden
cardiac death .
An analogous problem exists with granulomatous dis-
eases that are only focally infiltrative in nature. Examples
of such granulomata may be found in sarcoidosis (23),
Whipple's disease (24) and rheumatoid arthritis (25), but
there are numerous other diseases of both an infectiou s and
noninfectious nature . Each of these can cause a granuloma
to form within the conduction system , and each is clinically
associated with arrhythmias , conduction disturbances and
sudden death .
Myocarditis may be considered in this same context of
random involvement of the cardiac conduction system. Pos-
sibly. focal inflammation of ordinary ventricular myocar-
dium may cause sudden death even if the conduction system
is spared, but I have never seen such a case. On the other
hand, even less extensive myocarditis may derange the elec-
trical stability of the heart if the sinus node or AV node and
His bundle are involved. However, appropriate examina-
tions to shed more light on the matter are too rarely done .
Final commentary: role of collagen in the conduction
system. One conspicuous aspect of the histologic anatomy
of the sinus node, AV node and His bundle that merits a
general concern since it may relate to the pathogenesis of
sudden cardiac death is the abundance of collagen normally
present. Not only is the entire framework of the normal
sinus node a strong collagen lattice , but the AV node and
His bundle are directly adjacent to or completely surrounded
by, respectively , the central fibrous body. The intriguing
role that may be played by fibroblasts of the central fibrous
body and how their pluripotential nature may become ac-
tivated or altered at almost any period of life have already
been discussed.
An instructive aberration ofthe interrelation between the
conduction system and collagen may be found in infants
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tracardiac surgery. The disorders of electrical stability may
have nothing directly to do with the surgery, but may simply
be the result of improper behavior, perhaps genetically pro-
grammed, by these same pluripotential and dynamic
fibroblasts.
Thus, there is an abundance of both normal and abnonnal
changes that may be found in virtually all elements of the
cardiac conduction system, which is where we would log-
ically seek morphologic explanations for lethal electrical
instability. What remains is to determine more accurately
what the pathophysiologic disturbances exactly are, and
whether there are ways in which their early recognition and
successful treatment may be developed to prevent sudden
cardiac death.
Figure 8. Two examples of infiltrative diseases damaging the
conduction system of human hearts. Top, hemochromatosis: dark
granules are iron pigment contained within degenerating AV nodal
(AVN) cells. Bottom, amyloidosis: virtually all cells of the sinus
node (SN) have been replaced by amyloid.
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Figure 7. Metaplasia within the central fibrous body from the
heart of a young man who died suddenly. The boxed area in A
contains some of theAV node (AVN) and adjacent central fibrous
body (CFB) and is seen at higher magnification in B (Goldner
trichrome stain). C, Inanadjacent section prepared with Verhoeff-
Van Gieson elastic stain, the right half contains cartilage and
represents an area of the central fibrous body circled in B. The
asterisk in B marks a loop of AV nodal cells ideally arranged to
serve as a reentrant pathway. LA = left atrium; MV = mitral
valve; RA = right atrium.
born to mothers having lupus erythematosus because these
children have an abnormally high incidence of congenital
heart block (26,27) . Both Lenegre's disease and Lev's dis-
ease represent different but equally important manifestations
of abnormality in the maturation and fibrous disposition of
the AV node and His bundle (28). Given these and many
variously related other examples, one must be concerned
with an analogous disturbance of the same fibroblasts as a
possible mechanism for the late development of arrhythmias
or conduction disturbances or sudden death long after in-
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